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Magnetic phenomena observed in R-Co intermetallic compounds with the d-magnetism instability are
reviewed. The magnetic instability in these compounds is intimately related to the special position of the
Fermi level in the hybridized 3d-5d (4d) band near to a local peak in N(ε). In the presence of the f-
d exchange interaction the magnetic state of the itinerant electron subsystem can essentially be modiﬁed
giving rise to a number of ﬁeld- and temperature-induced magnetic phase transitions. Following the
band structure calculations these transitions as well as most of their ﬁne details can be well understood
theoretically. Magnetic, magnetoelastic and transport measurements of some R-Co compounds with d-
magnetism instability and pseudobinary systems with R and Co substituted by either magnetic or
nonmagnetic elements are presented and discussed.
© 2016 Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi. This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
In rare earth (RE)e cobalt, R-Co, intermetallic compounds the Co
itinerant magnetic sublattice shows a variable magnetic moment. It
shows a paramagnetic behaviour in compounds of the RE-rich side
(R3Co), is ferromagnetic with a stablemagneticmoment of 1.6 mB/Co
in the Co-rich side (R2Co17) (Fig.1) [1e3]. In themiddle of this series
the Co magnetic moment substantially depends on the RE sub-
lattice, i.e. the type of the RE ion. In RCo2 intermetallics the Co
sublattice changes from a paramagnetic to a ferromagnetic state
depending on the strength of the f-d exchange interaction (mo-
lecular magnetic ﬁeld) and changes from aweak to strongmagnetic
state in RCo3 and R4Co3 compounds (see, e.g. Ref. [3]).
The magnetic properties of R-Co intermetallic compounds with
instable Co magnetic sublattice show in general more diverse and
richer behaviour compared to the compounds with stable
itinerant-electron magnetic sublattice. In this article some of the
most characteristic effects the R-Co intermetallics exhibit due to the
Co magnetism instability are reviewed. Much work in this ﬁeld,
especially in studying ﬁeld-induced magnetic phase transitions in
RCo2 and RCo3 intermetallic compounds was done by Peter Brom-
mer with the colleagues [4e9].
Nature of magnetism is different in two electron subsystems
involved in the magnetic interactions in the R-Co intermetallics.syan).
onal University, Hanoi.
V. on behalf of Vietnam NationalMost of the lanthanide ions retain the localized atomic character of
the 4f orbitals and their magnetism can bewell described by atomic
characteristics, L, S and J, of a free R3þ ion. In contrast, the 3d-
electrons of cobalt sublattice are itinerant and the 3d-states form an
energy band crossed by the Fermi level εf with natural conse-
quences for magnetism (see, e.g., Ref. [1,3]). The interaction be-
tween the RE and Co sublattices occurs mostly through
hybridization of the 5d (4d)-states of RE and the 3d-states of the
transition metal, which mediates the strength of the 4f-3d ex-
change interaction.
The effect of the RE sublattice on the magnetic properties of the
d-subsystem is in most cases considered as resulting in an addi-
tional shift of the majority and minority d-subbands, whereas the
effect of the d electrons on the RE sublattice consists in the modi-
ﬁcation of the energy level scheme of the R3þ ions.
Because of a spatial localization of the 4f electronic shells, no
direct overlap between the 4f wave functions takes place in the R-
3d intermetallics and the fef exchange occurs via the conduction
electrons. The interactions related to the d-sublattice increase
successively along with the content of the transition metal and the
ded interaction becomes dominating in the Co-rich compounds.2. Itinerant magnetism of the d-electron subsystem and
density of states - theoretical background
The main distinct feature of d-magnetism in R-3d intermetallics,
which makes the magnetic properties of the Co sublatticeUniversity, Hanoi. This is an open access article under the CC BY license (http://
Fig. 1. Co-magnetic moment versus Y and Gd content in Y-Co and Gd-Co intermetallic
compounds [2].
Fig. 2. Calculated local DOS of the 3d electrons of T and 4d electrons of Y for YFe2 (a),
YCo2 (b), and YNi2 (c) in the paramagnetic state [13].
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narrow 3d band (~3 eV) of the transition metal with a high density
of states (DOS), N3d(ε), and the broader 5d band (~10 eV) of
lanthanide (the 4d band of Y) with lower DOS. The contribution to
the total DOS from the 6s (5s) band is negligible because of low
Ns(ε). The magnetic properties of the d-electron subsystem are
hence determined by the energy dependence of Nd(ε) near the
Fermi level, εf, and the position of εf itself [2,3,8].
The most known R-Co intermetallics with the d-magnetism
instability are the RCo2 compounds, in which the d-electron sub-
system exhibits itinerant electron metamagnetism (IEM), i.e., a
ﬁrst-order ﬁeld-induced magnetic phase transition from a para-
magnetic to ferromagnetic state [10e12]. For the YT2 compounds
with T ¼ Fe, Co and Ni several authors have published band
structure calculations. Although for these calculations different
methods have been used (e.g. Ref. [13,14]), the common result of all
these calculations conﬁrms the existence of a strong hybridization
between the 3d states of the transition metal and 4d states of
yttrium (or 5d states in the case of a lanthanide). The calculated
energy dependence of DOS is qualitatively similar in shape for all
these intermetallics. At low energies N(ε) exhibits a relatively nar-
row peak (due to the 3d electronic states) followed by a ﬂat range
with lower DOS at greater energies (primarily due to the 4d states).
In Fig. 2, N(ε) near εf of YFe2, YCo2 and YNi2 are compared [13].
Among them YNi2 has the lowest value of N(εf). The Stoner criterion
of ferromagnetism INðεf Þ  1 (I is the ded exchange integral) is by
far not fulﬁlled, the product INðεf Þ ¼ 0.21. YNi2 is nonmagnetic and
shows a very weak temperature dependence of susceptibility. In
contrast, INðεf Þ ¼ 2:6 for YFe2, which is therefore is a ferromagnet
with a spontaneous magnetizationMS ¼ 1.4 mB/Fe at 4.2 K. SinceMS
of YFe2 is considerably smaller thanMS for metallic Fe (¼2.2 mB/Fe),
YFe2 is a non-saturated ferromagnet, i.e. the spin-up and spin-
down bands both are not ﬁlled. For YCo2 the Stoner criterion is
nearly fulﬁlled: INðεf Þ ¼ 0:9. This causes a strong exchange
enhancement with a pronounced temperature variation of the
magnetic susceptibility. The average value of c is much larger than
the Pauli susceptibility.
For YT3 compounds, the calculated energy dependence of DOS is
shown in Fig. 3 [14]. The shapes of DOS of YFe3, YCo3 and YNi3 are
again more or less similar to each other as in the case of YT2
compounds. While εf of YFe3 is located near the highest peak of the
DOS that of YCo3 is located near a steep descent of the N(ε) and that
of YNi3 is located just above a small peak. As a result, YCo3 is a weakitinerant electron ferromagnet with TC varying from 280 to 301 K
and MS from 1.35 to 1.45 mB/f.u.
The calculated electronic structure of Y4Co3 is shown in Fig. 4
[15]. This compound has a Ho4Co3-type hexagonal crystal struc-
ture with three inequivalent Co sites (6h), (2d), (2b) and two
inequivalent Y sites. As the unit cell includes three formula units,
the Co(2b) sites are half-ﬁlled (50%) and the number of atoms in the
unit cell is equal to 21. Thus, in this crystallographic model, Y4Co3
cannot be regarded as an ordered compound, but as a disordered
alloy with (2b) sites occupied randomly by cobalt atoms and va-
cancies. The ferromagnetic state obtained from spin-polarized
computations is attributed to the Co atoms located on the (2b)
sites, being the only magnetic atoms among 21 ones in the unit cell,
and forming a quasi-one dimensional magnetic chains. As seen, in
this case the Fermi level is located on an expressed minimum of
DOS. Thus application of either external or internal molecular
magnetic ﬁeld shall result in an increase of the total DOS and a
stronger polarization of the d-band with corresponding increase of
the magnetic moment per Co.
In the above R-Co series, substitutions of non-magnetic Y by
magnetic RE induces a substantial increase of mCo. Within the scope
of the itinerant model, this effect is ascribed to the f-d exchange
interaction. The total molecular ﬁeld acting on the d subsystem
reads [1,3].
BðCoÞmol ¼ lddMd þ lRdMR; (1)
where ldd ¼ zdIdd=2m2B and ldd ¼ ðgR  1ÞzRIRd=2gRm2B are the cor-
responding molecular ﬁeld coefﬁcients, Idd and IRd denote the ded
and R-d exchange integrals, zd and zR are the numbers of T and R
atoms in the nearest-neighbour surrounding to a T atom. In the
presence of external magnetic ﬁeld, the total effective ﬁeld acting
on the Co sublattice can be represented as
Fig. 3. The DOS calculated for YFe3, YCo3 and YNi3. Vertical lines show the position of
the Fermi levels [14].
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ðCoÞ
mol þ Bext ¼ B
ðCoÞ
RCo þ BCoCo þ Bext
¼ lRCoMR þ lCoCoMCo þ Bext ; (2)
where BðCoÞRCo and BCoCo arise from the intersublattice and intra-
sublattice exchange interactions, respectively, and lRCo and lCoCo are
the corresponding molecular ﬁeld coefﬁcients.Fig. 4. The total and atom-projected density of states of Y4Co3. The contribution of Co
3d and Y 4d to density of states [15].Since in the above R-Co intermetallics BðCoÞRCo is much larger than
BCoCo, the molecular ﬁeld acting on the Co sublattice can be set
proportional to the magnetization of the R sublatticeMR. Assuming
that the dependence of IRCo on the R element is weak, the magnetic
ﬁeld acting on the Co sublattice is then proportional to ðgR  1ÞSR.
This approximation can frequently be applied for qualitative un-
derstanding of the magnetization process in some R-Co in-
termetallics although with stronger Co magnetic state lCoCo must
certainly be taken into account [3].
3. IEM in RCo2 intermetallics
3.1. RCo2 compounds with non-magnetic R
The RCo2 intermetallics are primarily known for the meta-
magnetic transition the d-electron subsystem undergoes in strong
magnetic ﬁelds at some critical value BM. Also in the case of a
ferromagnetic ground state, if there is a ﬁeld induced increase of
N(εf), IEM can occur from a weak ferromagnetic to a strong ferro-
magnetic state [16].
Goto et al. ﬁrst experimentally observed IEM in YCo2 (70 T) and
LuCo2 (75 T) [17]. A number of studies have been performed in
order to understand why substitutions of Co by non-magnetic ions
lower BM. Three mechanisms were discussed: i) a shift of εf due to
the change of the d electron concentration [18], ii) a change of the
d-bandwidth due to the variation of the lattice parameter [19], and
iii) in the case of a non-transition metal substitution, the hybrid-
isation between the d states and 3p states of T has been made
responsible.
In Ref. [20] the variation of BM vs. x was compared in
Y(Co1xAlx)2, Lu(Co1xAlx)2, and (Y1tLut)(Co1xAlx)2 system. The
third one has been selected to keep the lattice parameter constant
due to the simultaneous Al and Lu substitutions. It has been
concluded that the change in the interatomic distances has less
inﬂuence than the change of the d-electron concentration. In Ref.
[21] the Y(Co1xNi0.5xFe0.5x)2 system has been investigated with
x  0.03. It has been reported that BM does not change signiﬁcantly
when the d-electron concentration is constant.
The interpretation of all the above results was made under the
rigid band approximation. However for higher amount of substi-
tution this approximation is no longer valid. In Ref. [22] it was
pointed out that the hybridization between the 3d-states of Co and
3p states of the substituent non-transition T atoms becomes
important for higher x. The calculations of DOS for Y(Co0.75Al0.25)2
revealed that this hybridization causes a substantial change of the
shape of N(ε) around εf. The peak in DOS below N(εf), which is
responsible for IEM and for the appearance of ferromagnetism in
the R(Co1xAlx)2 systems, is smeared out.
3.2. Effect of the f-d intersublattice exchange
The metamagnetic behaviour of the Co-sublattice within the
RCo2 compounds can clearly be seen when plotting MCo vs. B
ðCoÞ
mol
(Fig. 5) [23]. The symbols on this plot depict the MCo values as
obtained from thermal expansion and magnetization measure-
ments. This ﬁgure shows that for all the RCo2 compounds (except
TmCo2) B
ðCoÞ
RCo >BM thus stabilizing a ferromagnetic order in the Co
sublattice. In TmCo2 the Co sublattice remains non-magnetic below
TC [24]. Brommer et al. [25] determined B
ðCoÞ
mol¼ 54 T for TmCo2,
which is below the value of BM ¼ 70 T necessary to induce ferro-
magnetic order in the Co sublattice. The magnetization curve of
YCo2 [17] included in Fig. 5 for comparison ﬁts well the general
tendency of MCo vs. B
ðCoÞ
mol .
Fig. 5. Variation of the d-magnetic moment mCo versus BRCo derived from X-ray powder
diffraction data of RCo2 (full circles) and Tm1xGdxCo2 (open down triangles). Open
circles represent the single-crystal magnetization data taken from literature [3]. mCo for
TmCo2 is taken from the neutron diffraction data [45]. The solid line is the experi-
mental magnetization curve of YCo2 [17], the dashed line is drawn as a guide for the
eyes.
Fig. 6. Magnetization curves at 4.2 K of some selected Er1xRxCo2 (R ¼ Y or Lu) com-
pounds [28]. The solid straight lines are linear extrapolations from the ﬁeld regions
below and above Bcr. Er0.3Tm0.7Co2 and Er0.6Y0.4Co2 show inverse IEM at 12 T and 8.5 T,
respectively. For Er0.7Y0.3Co2 the critical ﬁeld exceeds 25 T, however above 20 T an
upturn can be seen in the magnetization curve.
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is therefore parallel to MR, thus the effective ﬁeld acting on the Co
sublattice decreases (for heavy RCo2) with increasing external ﬁeld:
BðCoÞeff ¼ B
ðCoÞ
mol  Bext . If Bext exceeds a critical ﬁeld Bcr, the Co sub-
lattice magnetization is destabilised and so-called ‘inverse IEM’
may occur. This inverse IEM is visible, e.g., as a step-like increase in
the magnetization process. Above Bcr long range magnetic order
exists in the R sublattice only. This ﬁeld can be reduced by sub-
stitutions. For R1xYxCo2 systems the concentration dependence of
Bcr is given by:
BcrðxÞzð1 xÞlRCoMR  BM (3)
Among the heavy RCo2 compounds, ErCo2 has the lowest value
of BðCoÞmol ¼ 190 T (see Fig. 5) and therefore the lowest expected value
of Bcr. Transitions of this type have been observed in the Er1xYxCo2
and Er1xLuxCo2 systems on the M(B) magnetic isotherms,
magnetostriction, and magnetoresistance [26e28]. Magnetic iso-
therms showing the inverse IEM effect are displayed in Fig. 6. The
transition occurs in Er0.3Tm0.7Co2 (12 T) and Er0.6Y0.4Co2 (8.5 T) in
agreement Eq. (3).
Another interesting effect observed in RCo2 compounds is that
with R ¼ Dy, Ho and Er the magnetic phase transition at TC is of a
ﬁrst-order type. This is again related with the metamagnetic
properties of the d electron subsystem (see, e.g., Ref. [11,29]). The
conditions for the occurrence of a ﬁrst-order transition at TC have
been given in Ref. [30] within the scope of the molecular ﬁeld
approximation and assuming that the d subsystem is identical
throughout the whole RCo2 series. It was concluded that this
transition is of a ﬁrst-order type when TC < 150 K.
In Ref. [31] was shown that a ferrimagnetic system like RCo2, can
be decoupled if one of the sublattices exhibits a magnetic insta-
bility. This phenomenon takes place when (setting BðCoÞRR zero)
BðCoÞRCo <Bcr (4a)
at T ¼ TðRÞC of the R sublattice, and
BðCoÞRCo >Bcr (4b)holds at 0 K. For these selected compounds the critical condition for
the onset of magnetic order in the Co sublattice is not fulﬁlled at
TðRÞC ; however it will be fulﬁlled on further cooling thus resulting in
a second transition at T ¼ TðCoÞC < T
ðRÞ
C . A separate ordering of two
magnetic sublattices can be anticipated in substituted R01xR
00
xCo2
compounds within a limited concentration range [26].
As an example, Fig. 7 displays two separated ordering temper-
atures (TðRÞC and T
ðCoÞ
C ) observed experimentally in the Er1xYxCo2
system [31]. In the Er-rich region only one anomaly can be seen,
which corresponds to the onset of long-range magnetic order in
both sublattices. For Er0.6Y0.4Co2, two maximums are observed in
the speciﬁc heat. From the volume effect accompanying the lower
transition it follows that TðCoÞC ¼ 11 K, while the R sublattice orders
at higher temperature TðRÞC ¼ 14:5 K.3.3. Field induced non-collinear magnetic structures in presence of
a magnetic instability
In ferrimagnets between certain critical ﬁelds Bm1 and Bm2 non-
collinear magnetic structures are stable with a linear dependence
of Mtot vs. Bext. At Bext > Bm2 the structure is ferromagnetic [32].
In ferrimagnets with an unstable magnetic sublattice, like RCo2
compounds, the magnetization processes can substantially be
modiﬁed. If the magnetization of the unstable sublattice (MCo) is
less than that of the stable one (MR) and BM is less than the lower
critical ﬁeld Bc1, non-collinear magnetic structures will not appear.
The system will become ferromagnetic through two IEM transi-
tions: i) a disappearance of the Co magnetic moment at a critical
ﬁeld Bm1 and ii) a re-entrant onset of the Co magnetic moment
along the ﬁeld direction at a ﬁeld Bm2 > Bm1 [33]:
Fig. 7. The temperature-dependent speciﬁc heat CP (a) and linear thermal expansion
(b) of the Er1-xYxCo2 compounds with x ¼ 0, 0.3, 0.4 and 0.5 [31]. Arrows indicate the
two transitions resolved in Er0.6Y0.4Co2.
Fig. 8. The magnetization curve of (Tm0.25Y0.75)(Co0.88Al0.12)2 [35]. The vertical dashed
lines separate the different magnetic phases, the conﬁguration of which is depicted by
thick (R sublattice) and thin (Co sublattice) arrows. MT denotes the ﬁeld range where
IEM occurs.
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:
Mtot ¼ MR MCo; Bext <Bm1 ¼ lRCoMR  BM
Mtot ¼ MR; Bm1 <Bext <Bm2 ¼ lRCoMR þ BM
Mtot ¼ MR þMCo; Bext >Bm2
(5)
Depending on the intrinsic parameters, different magnetization
processes and even overlapping of IEM and a transition into a non-
collinear phase can occur. For experimental observation, internal
parameters BM, lRCo,MR orMCo can be changed using appropriate R
and Co substitutions. The comparison between BM and Bm1 shows
that in all the ferrimagnetic RCo2 compounds the magnetization
process must follow the expressions given by equation (5).
In Ref. [34] the (R1tYt)(Co1xAlx)2 systems were studied, in
which the Co sublattice shows magnetic instability. For
(Ho0.8Y0.2)(Co0.925Al0.075)2 the conditions given by equation (5) are
fulﬁlled and no non-collinear structures were observed in the
magnetization process. Instead, metamagnetic transitions occur at
13 and 72 T.
Brommer et al. [25] studied the (Tm1tLut)(Co0.88Al0.12)2 system
with a stable Co sublattice in ﬁelds up to 28 T. Lu(Co0.88Al0.12)2 has
TC ¼ 150 K and MS(0) ¼ 1.15 mB/f.u. and this system no IEM was
found. Instead, non-collinear structures were observed in the
concentration region 0.27  t  0.65 where Bm1 is small.
Y(Co0.88Al0.12)2 is a very weak itinerant ferromagnet (TC z 8 K,
MS(0) ¼ 0.08 mB/f.u.) and shows IEM from a weak to strong ferro-
magnetic state at 12 T, with the magnetization increasing from
MðWÞCo ¼ 0:3 mB=f :u: to M
ðSÞ
Co ¼ 0:8 mB=f :u: Y(Co0.88Al0.12)2 was hence
selected to construct ferrimagnets in which transitions of different
type can be realised during one magnetization process [6,35]. The
magnetization curve of (Tm0.25Y0.75)(Co0.88Al0.12)2 shown in Fig. 8 is
characterized by two stepwise transitions and a region of a pro-
nounced curvature between them. MS for this compound is equal
0.24 mB/f.u. Hence, in zero ﬁeldMCo ¼ 0.84 mB/f.u., i.e. this sublattice
is in the strong ferromagnetic state (the molecular ﬁeldlTmCoMTm ¼ 0.25 mTmlTmCo ¼ 17.6 T exceeds BM). At low external
ﬁelds, the net magnetization is MTm MðSÞCo . Since M
ðSÞ
Co is antipar-
allel to the external ﬁeld, above the critical value
Bm1 ¼ lTmCoMTmðBm1Þ  BM ¼ 6:5 T the net magnetization becomes
MTm MðWÞCo through IEM. Between Bm1 ¼ lTmCoðMTm M
ðWÞ
Co Þ
¼ 15 T and Bm2 ¼ lTmCoðMTm þMðWÞCo Þ ¼ 19:5 T a change from
antiparallel into parallel orientation of MTm and M
ðWÞ
Co occurs
through a non-collinear phase. Finally, in the parallel phase, the
second metamagnetic transition occurs at Bm2 ¼ lTmCoMTmðBm2Þþ
BM ¼ 29:5 T and the net magnetization becomes MTm þMðSÞCo [35].
4. Temperature-induced IEM in RCo3 intermetallics
In multi-sublattice Re3d intermetallics with a magnetic R and a
metamagnetic d-sublattice, IEM can also be induced by tempera-
ture. Since the molecular ﬁeld BðcoÞmol acting on the d-subsystem de-
creases with increasing temperature, one can consider temperature
as an additional external factor that affects themagnitude of BðCoÞmol . If
then the d-subsystem of such an intermetallics is in its high mag-
netic state at low T, the condition BðCoÞmol ðTmÞ<BmðTmÞ can be satisﬁed
with increasing temperature above a certain critical value Tm, i.e.,
the metamagnetic sublattice will be in a low magnetic moment
state above Tm. In order a temperature-induced metamagnetic
transition (TIMT) to occur, the unstable sublattice is to be ferro-
magnetic both above and below Tm [36].
Taking into account spin ﬂuctuations, the characteristic features
of IEM can be analysed at elevated temperatures [37]. It was shown
that upon reaching a critical temperature T0, IEM becomes a tran-
sition of a second-order type and above another critical tempera-
ture T* the upturn in the magnetization curve disappears. These
conditions set a substantial restriction to the observation of TIMT:
Tm shall not exceed T0 or T*.
Fig. 10. Temperature dependence of the relative volume expansion of ErCo3, HoCo3,
TbCo3, and YCo3 normalized to 550 K [38,40]. The dotted line is the Debye law plotted
for QD ¼ 220 K.
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(rhombohedral PuNi3-type structure) [36,38e41]. The PuNi3 unit
cell contains two nonequivalent crystallographic sites for R ions, 3a
and 6c, and three sites for Co: 3b, 6c, and 18h. The net magnetiza-
tion of the three Co sublattices in compounds with heavy R from Gd
to Er is c.a. 1.3 mB/Co (see, e.g., Ref. [3]), whereas in YCo3 MS (¼
0.6 mB/Co) is substantially lower. YCo3 shows a ﬁeld-induced IEM
[42]. In this series, TC changes from 300 K for YCo3 to 612 K for
GdCo3, which indicates a presence of a strong intersublattice ex-
change interaction.
4.1. TIMT in RCo3 compounds
Fig. 9 gives a schematic variation ofMCo (averaged over the three
Co sites) in heavy RCo3 compounds versus the intersublattice mo-
lecular ﬁeld BðCoÞmol acting on Co at low temperatures. For TmCo3 MCo
was evaluated using the data on the magnetovolume effect [43].
The Co sublattice is in a high magnetic state for all R except Tm and
Y. Therefore one can expect a temperature-induced IEM in this
series provided BðCoÞmol becomes equal to the critical ﬁeld Bm at T < T0.
Bm can then be assumed to be close to the critical ﬁeld of the ﬁeld-
induced IEM in YCo3 (z82 T at 10 K [42]).
TIMT in the RCo3 series has been extensively studied by thermal
expansion measurements. The magnetic ordering in the itinerant
electron systems is shown to be accompanied by a substantial
positive volume effect DV/V > 103 [43], which is related with MCo
by a simple expression DV=V ¼ kCM2Co (k being the isothermal
compressibility, and C the magnetovolume coupling constant).
Since the contribution of the R sublattice in the total DV/V is smaller
bymore than an order of magnitude, this expression can be applied
for evaluating MCo and determining the magnetic state of the d-
subsystem [43].
Due to the essential scattering of the conduction electrons by
spin ﬂuctuations in the d-electron system, the temperature and
ﬁeld dependences of the electrical resistivity, r(T,B), show
remarkable anomalies near Tm. Thesemeasurements are instructive
in studying TIMT in RCo3 compounds [36].
Fig. 10 shows the temperature dependence of the volume
thermal expansion of ErCo3, HoCo3, and TbCo3. In these com-
pounds, the molecular ﬁeld acting on the Co-sublattice (the total
over the 3b, 6c, and 18h sites) increases from Er to Tb. In ErCo3, an
abrupt change in the volume occurs at 65 K. In Ref. [38] this was
accounted for a temperature-driven change in the Co magnetic
state. With increasing value of BðCoÞmol the critical temperature of TIMTFig. 9. A schematic variation ofMCo vs. B
ðCoÞ
mol in RCo3 compounds with heavy R. The data
were taken from Ref. [3].increases and can exceed T0 for heavier R. This conclusion is in
accordance with the experimental results shown in Fig. 10. In
HoCo3 a diffuse transition near 170 K can be seen, which is asso-
ciated with the continuous change of the Co magnetic state. In
TbCo3 TIMT cannot be identiﬁed by thermal expansion
measurements.
Measurements of the M(T) on polycrystalline ErCo3 did not
reveal any magnetization jump. This can be accounted for the
ferrimagnetic structure of that compound. A decrease/increase in
the magnetization of the Co sublattice at Tm is accompanied by a
simultaneous decrease/increase in MEr (since B
ðCoÞ
RCo  MCo). This
circumstance strongly suppresses the resulting change of the total
magnetization. A direct evidence of TIMT in RCo3 compounds is
provided by neutron diffraction data obtained from a poly-
crystalline sample of ErCo3 (Fig. 11). The temperature dependence
of the net magnetizations of both Co and Er sublattices change
noticeably near Tm thus conﬁrming the magnetic origin of the
observed transitions.Fig. 11. Temperature variation of the magnetization of the net Er (squares) and Co
(circles) sublattices in ErCo3 [41]. The hollow and solid symbols correspond to mea-
surements upon heating and cooling, respectively. The vertical dashed line shows the
position of Tm.
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ﬁelds up to 8 T. In an external ﬁeld, TIMT shifts toward lower
temperatures, vTm/vB¼ 0.9 K/T. This tendency is a consequence of
the fact that MCo is oriented against the external ﬁeld Bext (in the
case described, MCo < MR). Thus, the external magnetic ﬁeld de-
creases the total effective ﬁeld Beff acting on the Co sublattice and
TIMT occurs at lower temperatures.Fig. 13. Variation of the magnetic moment of the Co sublattice (averaged over the
three sublattices) in the Er1xYxCo3 and Ho1xYxCo3 compounds versus Y concentra-
tion x at 10 K [46].4.2. Pseudobinary RCo3 compounds
Substitution of nonmagnetic Y for magnetic R decreases the
value of BðCoÞmol . As a result a respective decrease of Tm can be ex-
pected. The thermal expansion and electrical resistivity measure-
ments on the Er1xYxCo3, Ho1xYxCo3, and Tb1xYxCo3 systems
conﬁrm this conclusion [38e40]. Based on the values of Y con-
centration at which BðCoÞmol becomes equal to Bm of YCo3, the co-
efﬁcients of molecular ﬁeld for ErCo3 and HoCo3 were evaluated:
lErCo ¼ (14.8 ± 1.8) T/mB and lHoCo ¼ (14.9 ± 0.6) T/mB. They are in
good agreement with the values obtained from the magnetic
measurements [44]. The data available for TbCo3 allowed one to
estimate roughly lTbCoz 25 T/mB.
Fig. 13 shows the concentration dependence of the magnetiza-
tion of the net Co sublattice of the Er1xYxCo3 and Ho1xYxCo3
systems at 10 K evaluated from the thermal expansion data [39e41]
(kC was found 5 103 for both systems). The dependences
obtained reﬂect the metamagnetic nature of the Co sublattice in
these systems. The magnitude of DMCo agrees well with that
observed on the ﬁeld dependence of the magnetization of YCo3
[37].5. R4Co3 series
While the two above-presented examples clearly exhibit
magnetic-ﬁeld or temperature induced transitions, the R4Co3 in-
termetallics do not show any phase transition although the net
magnetization of the Co sublattice obviously depends on the
strength of the f-d exchange interaction in them.
Y4Co3 is a very weak itinerant electron ferromagnet with
TC z 5 K and MS(0) z 0.1 mB/Co. However with progressive
replacement of Y by Gd the Co magnetic moment increases sub-
stantially [47]. With increasing Gd concentration in the (Gd,Y)4Co3Fig. 12. Temperature dependence of the resistivity of ErCo3 at different external ﬁelds
[36].system, the magnetic isotherms showed a strong ﬁeld dependence
that was ascribed to the ﬁeld dependence of the magnetization
process in the Co sublattice. In Fig. 14 the Co magnetic moment,
DM ¼ MGd MS, is plotted versus Gd concentration assuming the
magnetic structure is collinear ferrimagnetic. As seen, a steep in-
crease in the Co magnetization occurs for x > 0.7. The magnetic
isotherms however do not show any evidence of phase transitions,
which can be understood assuming the criteria for IEM are not
fulﬁlled in this series.
6. Conclusion
Magnetic instability in the d-electron subsystem (Co-sublattice)
in R-Co intermetallics can appear not only directly as a ﬁeld-
induced ﬁrst order magnetic phase transition. A number of other
effects, such as a temperature-induced ﬁrst-order magnetic phase
transitions in the magnetically ordered state associated with the
abrupt change of the Co magnetic moment and at the Curie point,
variation of the Co magnetic moment with the strength of the f-d
exchange interaction, decoupling of the Co and RE magnetic
ordering temperatures, can be observed in these compounds due to
the metamagnetic properties of the d-electron subsystem. Of a
particular interest are the magnetization processes in ferrimagnetic
R-Co intermetallics with one unstable magnetic sublattice, inwhichFig. 14. The Co magnetic moment versus Gd concentration in (GdxY1x)4Co3 inter-
metallic compounds (from Ref. [47]).
I.Yu. Gaidukova, A.S. Markosyan / Journal of Science: Advanced Materials and Devices 1 (2016) 105e112112the contribution of Peter Brommer hardly can be underestimated.
In such ferrimagnets, with careful tuning of the magnitudes of Hm,
MCo, MR, and B
ðCoÞ
RCo , new exotic magnetic transitions combining
metamagnetism with canted magnetic structures can be observed.
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